The pivotal roles of phosphatidylinositol 3-kinases (Pi3Ks) in human cancers have inspired active development of small molecules to inhibit these lipid kinases. However, the first-generation pan-PI3K and dual-PI3K/mTOR inhibitors have encountered problems in clinical trials, with limited efficacies as a monotherapeutic agent as well as a relatively high rate of side effects. It is increasingly recognized that different Pi3K isoforms play non-redundant roles in particular tumor types, which has prompted the development of isoform-selective inhibitors for pre-selected patients with the aim for improving efficacy while decreasing undesirable side effects. The success of PI3K isoform-selective inhibitors is represented by CAL101 (Idelalisib), a first-in-class PI3Kδ-selective small-molecule inhibitor that has been approved by the FDa for the treatment of chronic lymphocytic leukemia, indolent B-cell non-Hodgkin's lymphoma and relapsed small lymphocytic lymphoma. inhibitors targeting other Pi3K isoforms are also being extensively developed. This review focuses on the recent progress in development of Pi3K isoform-selective inhibitors for cancer therapy. a deeper understanding of the action modes of novel PI3K isoform-selective inhibitors will provide valuable information to further validate the concept of targeting specific PI3K isoforms, while the identification of biomarkers to stratify patients who are likely to benefit from the therapy will be essential for the success of these agents.
Introduction
Phosphatidylinositol 3-kinases (PI3Ks) belong to a family of lipid kinases that are named after their ability to phosphorylate the 3′-hydroxyl group of phosphatidylinositol (PtdIns) lipids to produce the second messengers PtdIns(3)P, PtdIns(3,4) P2 and/or PtdIns(3,4,5)P3 (PIP3) on the cell membrane. PI3Ks retain in the cytosol with low activity, but their activity can be dramatically elevated by inputs from the cell membrane or the cytosol, which orchestrates multiple signaling pathways and regulates various cellular processes. The PI3K-AktmTOR pathway is one of the key axes mediated by PI3Ks and it has been well elucidated ( Figure 1 ). Cellular membraneassociated PIP3 recruits Akt (also known as protein kinase B, PKB), a serine/threonine protein kinase that contains a pleckstrin homology (PH) domain. The binding of Akt to PIP3 leads to its conformational change, and Akt is activated following phosphorylation by 3′-phosphoinositide dependent protein kinase-1 (PDK1) at Thr308 and by mammalian target of rapamycin complex 2 (mTORC2) at Ser473. Akt subsequently regulates cell cycle progression and glucose metabolism by further phosphorylating its numerous substrates, such as FOXOs, GSK3 and AS160. Akt also activates mammalian target of rapamycin complex 1 (mTORC1) in multiple ways and regulates protein synthesis. Phosphatase and tensin homolog (PTEN), a lipid phosphatase, stops this process by dephosphorylating the 3′ phosphate group of PIP3. The PI3K pathway is frequently deregulated in human tumors due to genetic and epigenetic aberrations of key components in the pathway or upstream regulators. Although great progress has been made to develop therapeutics targeting the PI3K-Akt-mTOR pathway in past decades, it has been increasingly recognized that distinct isoforms in the PI3K family play nonredundant roles in physiological situations and tumors, which has prompted the development of isoform-selective inhibitors for pre-selected patients, aimed at improving efficacy while minimizing undesirable side effects.
npg on their coding genes, distinct structures and substrate preference. There are four members in class I, with the subdivisions of PI3Kα, PI3Kβ and PI3Kδ into class IA and PI3Kγ into class IB, according to their activating models [1] . Class IA PI3Ks are heterodimers of one p110 catalytic subunit encoded by PIK3CA (p110α), PIK3CB (p110β) or PIK3CD (p110δ) and one p85 regulatory subunit encoded by PIK3R1 (p85α), PIK3R2 (p85β) or PIK3R3 (p85γ). PI3Kγ is also a heterodimer enzyme containing the catalytic subunit p110γ encoded by PIK3CG and one regulatory subunit p101 encoded by PIK3R5 or p84 (also known as p87 PIKAP ) encoded by PIK3R6. PI3Kα and PI3Kβ are ubiquitously expressed in all cells and tissues, whereas PI3Kγ and PI3Kδ are mainly enriched in leukocytes. In quiescent settings, class I PI3Ks possess little kinase activity due to the self-inhibition of p85 regulatory subunits and/or localization in the cytosol, where no substrates are available. Upon activation via binding of receptor tyrosine kinase (RTK), G protein-coupled receptor (GPCR), Ras or other adaptor proteins, class I PI3Ks are recruited to the cell membrane proximity, where they switch to an active conformation and utilize PtdIns(4,5)P2 to generate PIP3.
Class II PI3Ks are monomeric enzymes containing three isoforms, PI3K-C2α, PI3K-C2β and PI3K-C2γ, which are encoded by PIK3C2A, PIK3C3B and PIK3C2G, respectively. These isoforms are able to preferentially convert PtdIns into PtdIns(3)P in cells. PI3K-C2α and PI3K-C2β are widely distributed in tissues but PI3K-C2γ is mainly restricted to the liver, prostate and breast tissues. Although class II PI3Ks appear to be modestly activated by receptor tyrosine kinases and GPCR, their regulations and physiological functions are relatively unclear.
Class III PI3K has one member named after its catalytic subunit, Vps34, which is encoded by PIK3C3. Vps34 couples to its regulatory subunit Vps15 (encoded by PIK3R4) to form a heterodimer and is membrane-tethered due to the N-terminal myristoylation sequence in Vps15. Vps34 is ubiquitously expressed, and its product PtdIns(3)P is also a lipid messenger that regulates intracellular trafficking and autophagy. It has been reported that Vps34 activity is modulated by nutrients, such as amino acids and glucose, and by GPCRs. The myotubularin family phosphatase MTM1 and MTMR1 serve as negative regulators against class II and III PI3Ks by dephosphorylating the 3′ phosphate group in PtdIns(3)P.
Among the eight PI3Ks, class I PI3Ks have been the most studied because of their fundamental physiological and pathological roles. Aberrant PI3K activities are frequently observed in many types of cancers through different mechanisms including (but not limited to) hyperactivated RTKs, mutant Ras, functional loss of PTEN and activating mutations and/or overexpression of PI3K isoforms. PIK3CA is mutated across different tumors with a frequency of approximately one-third in endometrial, breast, ovarian and colorectal cancer specimens. The majority of mutations are clustered within exons 10 Class I PI3Ks produce the second messenger PIP3, which promotes cell survival, proliferation, metabolism, motility and differentiation. One of the key mediators is Akt, which is phosphorylated and activated by PDK1 and mTORC2 or DNA-PKcs in the presence of PIP3. Akt further phosphorylates diversified substrates and regulates protein synthesis, cell cycle and glucose metabolism. PTEN acts as a negative regulator and removes the 3′ phosphate from PIP3. The potential inputs of class II PI3Ks include GPCRs and RTKs, and their product PtdIns(3)P (PI3P) has a role in cell survival and angiogenesis. Amino acids, glucose and certain GPCRs are reported as stimuli of Vps34, which is able to produce PI3P to regulate autophagy and intracellular trafficking. The MTM phosphatase family removes 3′ phosphate from PI3P and terminates its signaling. Representative inhibitors of each isoforms are highlighted in red and are listed in Table 1 . 
and 21 (the helical domain and kinase domain, respectively), with 80% of the identified mutations found within three 'hotspots', E542, E545, and H1047, which dramatically increase PI3K kinase activity and were shown to be oncogenic [2] . Activating mutations are detected in PIK3CB and PIK3CD with rare frequency. Somatic alternations in the regulatory subunits PIK3R1 and PIK3R2 with reduced inhibitory capability against p110 have been identified by large-scale cancer genomic sequencing [3] . Amplification or over expression of PIK3CA, PIK3CB, PIK3CD or PIK3CG are also commonly detected in tumor specimen and cultured tumor cells. Functional loss or decrease of PTEN also leads to hyper-activated PI3K signaling in certain tumors.
PI3K have been validated as promising anticancer targets, and tremendous efforts have been put to develop smallmolecule inhibitors for cancer therapy. However, the objective response of the first-generation pan-PI3K inhibitors or dual-PI3K/mTOR inhibitors as monotherapeutic agents has been modest [4] . With the new knowledge regarding the divergent roles of PI3K isoforms in different types of cancer, isoformselective PI3K inhibitors have attracted increasing interest for precise cancer therapy, and over a dozen inhibitors are undergoing clinical evaluation (Table 1) . Among them, CAL101 has been approved by the U.S. Food and Drug Administration (FDA) for patients with relapsed chronic lymphocytic leukemia (CLL) and indolent lymphoma.
PI3Kα-selective inhibitors
The importance and high frequency of PIK3CA mutation in solid tumors has attracted attention towards the development 1173 www.chinaphar.com Wang X et al Acta Pharmacologica Sinica npg of PI3Kα-selective inhibitors. A66 derived from a pan-PI3K inhibitor PIK-93 has emerged as one of the most specific PI3Kα inhibitors with a similar potency against wild type PI3Kα, E545K and H1047R mutants but not targeting other PI3Ks and protein kinases [5] . A66 potently inhibits the proliferation of PI3K-mutant cells in vitro and in vivo, but its short half-life impeded its further clinical development. Further structural modifications based on A66 resulted in NVP-BYL719, which possesses optimal PI3Kα selectivity and potency with better pharmacokinetic properties. NVP-BYL719 is currently being tested for the treatment of PIK3CA-mutated advanced solid tumors as a monotherapy or head and neck squamous cell carcinoma, advanced breast cancer, etc. as part of a combinatorial approach (https://www.clinicaltrials.gov/). The results from the first-in-human study demonstrated that NVP-BYL719 displayed dose-proportional and predictable pharmacokinetics. The safety profile is favorable, with manageable on-target toxicities. At doses over 270 mg/d, tumor regression and prolonged disease control were observed in heavily pretreated patients with various types of tumor carrying a PIK3CA mutation [6] . INK1117 is another reported PI3Kα inhibitor in phase I clinical trials for treatment of solid tumors. We also have discovered a potent PI3Kα inhibitor in preparation for its application in clinical trials (unpublished data). PI3Kα-mutant specific inhibitors have also been identified (personal communication with Dr Ming-wei WANG in the Chinese National Compound Library).
The PI3Kα inhibitor treatment results in G 1 phase arrest without killing cells in vitro [7] , which is consistent with lack of tumor regression in clinical settings. Sporadic studies have indicated the induction of apoptosis by NVP-BYL719, but this effect appears to be dependent on cell types [8] . Recent preclinical studies have found that the growth of HER2-or KRAS-driven solid tumors highly relies on PI3Kα, and the inhibition of this isoform is sufficient to halt tumor growth to an extent similar to that of blocking all class I isoforms [9, 10] , underscoring PI3Kα as a promising target in these types of tumors. Moreover, PI3Kα is important for angiogenesis in solid tumors, which may suffer from a deficient blood supply upon inhibition of this isoform. The function of PI3Kα in cell metabolism regulation has been observed to promote cancer cell survival. In addition, decreased glucose consumption is considered a positive sign in predicting the antitumor effect of NVP-BYL719. PI3Kα has recently been found to play roles in immune modulation. The inhibition of PI3Kα may either suppress or enhance immune responses in a diverse subset of innate and adaptive immune cells [11, 12] . It is important to better understand the mechanistic action of PI3Kα inhibitors on the immune system to harness immune effects to create a more favorable immune environment for cancer therapy. Consistent with its high selectivity against PI3Kα, a study analyzing the effects of NVP-BYL719 on a compilation of cell lines as well as on a panel of PDX models reveals that a PIK3CA mutation was the foremost positive predictor of drug sensitivity. PIK3CA amplification is an additional positive predicator, while PTEN mutation is a negative predicator of drug sensitivity [13] . In line with this finding, patients harboring the PIK3CA H1047R mutation were found to be the most responsive cohort in early clinical trials, while PTEN loss was associated with resistance to NVP-BYL719 [14] . A recent study found that the initial efficacy of PI3Kα inhibition was mitigated by the rapid re-accumulation of PIP3 produced by the PI3Kβ isoform, which attenuated the efficacy of NVP-BYL719 in breast cancer cells. It is not known whether this phenomenon is shared in other cancer types. Nevertheless, the mechanism of action of PI3Kα inhibitors in different cancer types and genetic contexts should be further elucidated, which will facilitate the identification of biomarkers predicting efficacy and also combination regimens.
PI3Kδ-selective inhibitors
PI3Kδ is the primary PI3K isoform in leukocytes that mediates signals from RTKs and tyrosine-based activation motif (ITAM)-containing proteins because of its high enrichment in these cells [15] . Pharmacological inactivation of PI3Kδ reveals its importance for the function of T cells, B cells, mast cells and neutrophils. Hyper-activated PI3K signaling is a common event in leukemia specimens and cultured cells. Hence, targeting PI3Kδ may be beneficial both for auto-immune diseases and cancer.
IC87114 is the first reported isoform-selective PI3K inhibitor against PI3Kδ though random screening of a diversified chemical library. IC87114 selectively inhibits PI3Kδ with an IC 50 of 0.5 μmol/L, which is 58-fold lower than that against PI3Kγ and over 100-fold lower than those against PI3Kα, PI3Kβ and a panel of protein kinases. Further modifications based on IC87114 resulted in CAL101 with improved potency against PI3Kδ (IC 50 =15 nmol/L) and selectivity over other class I isoforms (453-, 210-, and 110-fold selective against PI3Kα, PI3Kβ, and PI3Kγ isoforms, respectively) and other 351 kinases [16] . Co-crystallization of p110δ and IC87114/CAL101 revealed that binding of IC87114/CAL101 with p110δ forces the latter to open a hydrophobic pocket with high affinity with fluoroquinazolinone group of the inhibitors [17, 18] . However, PI3Kδ inhibitors with different binding models have also been reported, such as X-370 [19] . The detailed SARs of PI3Kδ inhibitors have been described previously [20] . Because PI3Kδ is a key component in the signaling in B cell malignancies and is located downstream of various B cell receptors, including the B cell antigen receptor (BCR), cytokine/chemokine receptors, and adhesion molecules, CAL101 was tested in a subset of patients with indolent B cell malignancies and dramatic and durable responses were observed in phase I clinical trials, leading to an expanded phase II, uncontrolled trial of CAL101 monotherapy in indolent nonHodgkin's lymphoma patients. The overall response rate and the median progression-free survival was 57% and 11 months, respectively, illustrating the similar or superior efficacy of CAL101 to those of other active medications. In a randomized, double-blind phase III clinical trial in relapsed chronic lymphocytic leukemia, patients received rituximab with either www.nature.com/aps Wang X et al Acta Pharmacologica Sinica npg CAL101 or placebo. The overall response rate was 81% and 13% in the CAL101 combination group and the placebo control group, respectively. The median progression-free survival was 5.5 months with rituximab only, but was not reached with the CAL101 combination. CAL101 plus rituximab was effective in patients with CLL who not only were heavily pretreated but also had high-risk genetic profiles, including p53 loss. The grade 3 or higher adverse events of CAL101 treatment were neutropenia (27% patients), aminotransferase level elevation (13% patients), diarrhea (13% patients) and pneumonia (7% patients), but the events were manageable [21, 22] . GS-9820 and AMG319 are other two PI3Kδ-selective inhibitors currently undergoing phase I trials for lymphoid malignancies [23] . Although oncogenic mutations or overexpression of PIK3CD has not been found in CLL tumor cells and primary patient samples, increased PI3K activity has been observed, which is highly dependent on the PI3Kδ isoform. PI3Kδ inhibitors attenuate survival signals by blocking constitutive PI3K signaling including phosphorylation of AKT and ERK1/2. It has been reported that CAL101 down-regulates the secretion of chemokines and inhibits CLL cell chemotaxis towards CXCL12 and CXCL13. In addition, CAL101 abrogates protection from spontaneous apoptosis induced by B cell-activating factors CD40L, TNF-α, and fibronectin. In line with these findings, CAL101 treatment significantly reduced levels of circulating CCL3, CCL4, CXCL13 and lymphocytes in clinical settings. High concentrations and long-term treatment are required for PI3Kδ inhibitors to induce apoptosis in vitro, suggesting that the induction of apoptosis is unlikely the direct mechanism to exert anti-cancer activity. Thus, PI3Kδ inhibitors may display dual mechanisms to directly decrease tumor cell survival and to reduce survival signals in the microenvironment [24] [25] [26] . The life cycle of CLL cells involves homing and egression in patients. The migration of leukemic cells from the peripheral blood to the lymph nodes, spleen, and bone marrow, where they are become activated by micro-environmental stimuli, leads to survival and proliferation. Inhibition of PI3Kδ may interfere with this cycling at various levels, resulting in the mobilization of tissue-resident CLL cells into the blood and blocking re-entry to the stromal. Sustained interruption of this recirculation cycle may disrupt survival signals and sensitize the cells to combination treatments. It is likely that the dynamic life cycle of CLL could explain why this disease, among other the different B cell malignancies, is the most responsive to B cell signaling blockers. Residual PI3K activity present in immune cells upon PI3Kδ inhibition by CAL101, but not other broad-spectrum PI3K inhibitors, may explain its lack of overt immune suppression upon long-term administration [27, 28] . In addition, evidence from another PI3Kδ inhibitor, PI-3065, suggests that patients with solid tumors may also benefit from PI3Kδ inhibition, as inactivation of PI3Kδ hinders tumor growth by circumventing regulatory T cell-mediated immune tolerance [29] . Our group found that a novel PI3Kδ inhibitor, X-370, preferentially inhibited survival of primary B cell acute lymphoblast leukemia (B-ALL) cells harboring PI3K-dependent Erk1/2 phosphorylation via a PI3K-PDK1-MEK1/2-Erk1/2 signaling cascade. The existence of this signaling pathway may possibly be used to identify responsive B-ALL patients.
The findings from the laboratory bench translated well into bedside treatment and vice versa, leading to the final approval of CAL101. However, the exact mechanisms of PI3Kδ inhibitors for the treatment of B-cell type leukemia and possibly solid tumors have not been fully elucidated. A deeper understanding of the modes of action of PI3Kδ inhibitors will provide valuable clues to further validate the PI3Kδ-targeting approach and to identify biomarkers capable of stratifying patients who are likely to benefit from the therapy. Moreover, the identification of predictive biomarkers capable of monitoring the efficacy of PI3Kδ inhibitors in clinical is urgently needed for different types of tumors.
Other PI3K isoform-selective inhibitors
PI3Kβ is another ubiquitously expressed class I PI3K in addition to PI3Kα. Overexpression of p110β is sufficient to transform chicken embryo fibroblasts, and the knockout of PIK3CB circumvents tumor formation in PTEN-null prostate cancer mouse models. PTEN loss or mutation is detected in a considerable fraction (20%-75%) of tumors, including gliomas, breast, colon, lung, endometrial and prostate cancers. Hence, PI3Kβ has been recognized as a therapeutic target in this subset of solid tumors [30] . TGX221, a PI3Kβ-selective inhibitor derived from LY294002, has been a desirable template for further optimization. The TGX221 analogues KIN-193 (AZD6482) and SAR260301 have been developed for the treatment of thrombosis and solid tumors, respectively [31] . PI3Kβ inhibitors have been shown to selectively inhibit the growth of tumor cells and xenografts deficient in PTEN, which prompted a new clinical trial to investigate the efficacy of the PI3Kβ-selective inhibitor GSK2636771 in patients with PTEN-null advanced solid tumors. However, targeting PI3Kβ in PTEN-deficient tumors may be compromised by tumor heterogeneity, coexisting genetic alterations and micro-environmental factors. For example, the presence of oncogenic RTKs, RAS or PIK3CA mutations may shift dependency partially or totally to PI3Kα in PTEN-deficient tumors. Moreover, the prolonged treatment of PTEN-deficient tumor cells with a PI3Kβ inhibitor may also shift isoform dependency from PI3Kβ to PI3Kα [32] . Interestingly, the treatment of glioblastoma cells deficient in PTEN with CAL101, but not PI3Kβ inhibitors, resulted in decreased cell migration [33] . A recent study demonstrated PTEN-mutated endometrial cancer cells are resistant to GSK2636771 and KIN-193, while co-treatment of the PI3Kα-selective inhibitor A66 resulted in a decrease in cell viability [34] . These results suggest that pan-PI3K inhibitors may be more effective in PTENdeficient tumors than isoform-selective inhibitors.
The loss of PIK3CG dampens thymocyte development and T cell viability in mouse models, indicating its role in inflammation. Overexpression of p110γ initiates oncogenic transformation. With the validation of PI3Kγ as a promising drug target for the treatment of inflammatory disease and, possibly, leukemia, a number of PI3Kγ-selective inhibitors have been discovered, but none has advanced to clinical trials. Although a direct link between tumorigenesis and class II/III PI3Ks has not been reported, a few studies have discovered amplification or mutation of PIK3C2B in cancers. Vps34 has been recently reported to be required for the cellular transformation of oncoprotein SRC [35] in addition to its important roles in autophagy. SAR405 has been reported recently to inhibit Vps34 and exert synergistic antiproliferative activity in combination with mTOR inhibitor everolimus in renal cancer cells [36] . Moreover, dual-or triple-isoform-selective inhibitors have also been discovered for cancer treatment such as BAY80-6946 (PI3Kα/ PI3Kδ) [37] , IPI145 (PI3Kγ/PI3Kδ), AZD8186 (PI3Kβ/PI3Kδ) [38] and GDC0032 (PI3Kα/PI3Kγ/PI3Kδ) [39] . The divergent selectivity profiles fit well with the complexity of human tumors, and this advantage should be taken to devise an optimal therapeutic strategy with precise therapy.
Conclusions and perspectives
Accumulated knowledge from years of basic research allows us to appreciate the complex signaling network transduced by PI3Ks. The distinct and convergent roles of individual PI3K isoform are being uncovered. Isoform-selective inhibitors are emerging as a next-generation of PI3K inhibitors with improved, precise targeting and reduced toxicity, which is exemplified by the success of CAL101 in CLL therapy. However, targeting PI3Ks alone is unlikely to be a curative therapy for diverse cancers, and further efforts in biomarker discovery, rational combinations and basic research are warranted.
Though the divergent roles of each isoforms in different signaling contexts, various tissues and types of diseases have been extensively studied, continuous efforts need to be made to explore the precise functions among PI3K isoforms in order to implement precise targeting. The mechanism of action of isoform-selective inhibitors needs to be extensively and systematically studied, which will allow us not only to monitor efficacy and side effect, but also to develop personalized therapeutic strategy. Of particular note, cancer is also a disease related to immune adaptation and efforts should be made to understand how specific PI3K inhibitors re-modulate immune environment in tumor therapy. The close relationship between PI3K and cell metabolism should also be reconsidered in the big picture of cancer therapies.
In consistency with the high specificity of PI3K isoformselective inhibitors, they are expected to target a subset of tumors. A number of biomarkers which are capable of predicting the efficacy of PI3K isoform-selective inhibitors have been identified and some of them have been validated in clinical settings. However, these biomarkers need to be tested in large scale clinical trials. As different PI3K isoform-selective inhibitors display different spectra for tumor therapy, different biomarkers are warranted to be identified for the treatment of different types of tumors. With recent advances in the next generation sequencing and clinical trials under the concept of precision medicine, predictive biomarkers for the efficacy of each type of inhibitors in a given tumor are expected to be identified and validated. It remains unclear whether preclinical observations of improved responses to PI3K isoformselective inhibitors in solid tumors with PIK3CA and PTEN alterations will be born out in clinical trials.
Preliminary clinical data indicates that PI3Kα inhibitors achieve modest responses as monotherapy. Researchers need to endeavor in figuring out mechanisms underlying drug resistance and escape of PI3K dependency in PI3K aberrantly activated tumors, thus facilitate rational combination therapies to improve the efficacy. Good tolerability of PI3K isoformselective inhibitors in patients allows broad combinations with conventional radio-and chemo-therapy and other molecularly targeted therapy in order to obtain durable response. However, successful combination regimens are based on understanding the molecular alterations in given tumors.
In conclusion, next-generation PI3K isoform-selective inhibitors provide both opportunities and challenges for cancer therapy within the realm of precision medical treatments. With continuous drive and commitment in this important field, increasing numbers of patients are expected to benefit from therapy based on PI3K isoform-selective inhibitors in the near future.
